An understanding of the underlying phenomena when characterizing material performance requires knowledge in several areas, including the chemistry and physics of the early stages of oxidation, chemistry and bonding at the substrate/oxide interface, effect of segregants on the strength of bonding, transport processes through the scales that are formed during corrosion, mechanisms of residual stress generation and relief, and fracture behavior at the oxidekubstrate interface. Specific objectives of the program described here are to (a) systematically investigate the relationships among substrate composition and properties and scalekoating adherence, damage tolerance, and micromechanical properties; (b) use results from the investigation to prevent scaldcoating failure at elevated temperatures; and (c) identify conditions that lead to more damage-tolerant coatings and scales that are amenable to legitimate synthesis routes. The paper presents experimental data on microstructural characteristics of alumina scales that have been thermally developed on several Fe-based alumina-forming intermetallic alloys. In addition, adhesion data developed on the scales are presented, along with determinations of strain from data obtained by ruby fluorescence.
INTRODUCTION
Protection from corrosion and environmental effects arising from reactions with gases and condensed products is required to fully exploit the potential of advanced high-temperature materials designed to improve energy efficiency and minimize deleterious environmental impact. This protection is best afforded either by formation of stable surface oxides that are slow-growing, sound, and adherent to the substrate or by deposition of coatings that contain or develop oxides with similar characteristics. The benefits of certain alloying additions on the growth and adherence of protective oxide scales on metallic substrates are well known, but there remains the need for a detailed understanding of the mechanisms by which scale properties and coating integrity are improved by compositional, microstructural, and processing modifications. The ultimate objective of this program is to systematically generate a scientific basis for designing and synthesizing improved protective oxide scaleskoatings (slow-growing, adherent, sound) on high-temperature materials without compromising the requisite properties of the bulk materials. Specific objectives are to (a) systematically investigate the relationships among substrate composition and properties and scalekoating adherence, damage tolerance, and micromechanical properties; (b) use such information to predict scale/coating failure; and (c) identify conditions that lead to more damage-tolerant coatings and scales that are amenable to Iegitimate synthesis routes. The objectives of the ANL program are to correlate actual oxidation performance with stresses, voids, segregants, interface roughness, initial stages of oxidation, and microstructures; study such behavior in growing or as-grown films; and define prescriptive design and synthesis routes to mechanically reliable surface oxides.1-2 Several techniques are used in the studies, including Auger electron spectroscopy, X-ray diffraction. X-ray grazing incidence reflectance. grazing-angle X-ray lluorcsccnce, optical tluoresccnce, and Raman spcctroscopy. The project has selected Fe-25 wt.% cr-20 wt.% Ni and Fe-Cr-A1 alloys, which are chromia-and alumina-formers, respectively, for the studies. This papcr presents selected results on alumina scale morphologies that develop on several Fe-AI based intermetallic alloys, their adhesion strength, and stresses in scales that can lead to spallation of the scales.
EXPERIMENTAL PROCEDURE
The experimental study has focused on iron aluminide (Fe-AI) intermetallic alloys, which are of interest for application in coal-gasification and coal-combustion systems. Iron aluminide alloys, which are alumina-formers, are in various stages of development under the sponsorship of the DOE. These alloys can be used as either structural material or cladding to protect structural material against corrosion. Sheets of several Fe3Al-based alloys were procured from Oak Ridge National Laboratory. and is considered a base alloy. Alloy FA 129 is designed to exhibit high ductility at room temperature while retaining its strength at high temperatures, whereas FAL is designed for improved oxidation resistance through addition of Zr. Alloy FAS is designed to resist sulfidation, and FAX is designed for improved resistance in aqueous environments by deliberate addition of Mo. Coupon specimens were cut from sheet material for thermogravimetric oxidation experiments and for spectroscopic studies.
Specimens of the intermetallic alloys were oxidized at 1000°C for up to 100 h in oxygen bubbled through water at room temperature to examine the morphologies of the alumina scales that form nn alloys with different bulk compositions. Thermogravimetric experiments were performed with an electrobdance having a sensitivity of 0.1 pg, to evaluate the rate of oxidation in different alloys and to establish the scaling kinetics. Specimens were suspended from the balance in a vertical furnace and held for the desired exposure period. Upon completion of the oxidation test, the furnace was opened and the specimens were rapidly cooled to room temperature. Following thennogravimetric measurement of oxidation, scale surfaces and cross sections of specimens were examined with a scanning electron microscope equipped with an energydispersive X-ray analyzer. Further, the oxidized specimens were cooled to liquid nitrogen temperature and fractured to examine the fracture morphologies of the scales and to evaluate the scale/metal interface.
A Sebastian-Five multipurpose tester (fromQuad Group Inc.) was used to evaluate the strength of the scalekubstrate interface of each oxidized specimen. In this technique, an epoxy-coated pin is attached to the surface of interest at a temperature sufficient to cure the epoxy. The pin is subsequently separated from the sample at room temperature by applying a tensile load. Prior to testing the oxidized samples, the thc procedure was cvalui\[cd using scvcral I h t unoxidized 3 16 stainless steel samplcs. This was done to establish the reliability of the tcchnique and the absolutc strength of thc cpoxy. In addition, epoxy-coated pins that had been at room ternpcrature for varying lengths of time (as opposed to being in a freezer, where they are normally held) were used to evaluate the effect of this variable (room temperature degradation of the epoxy) on the strength data. Strength data from these tests were consistent; the maximum strength that could be measured by this procedure was =71rt3 MPa. No significant variation in data was noted for pins exposed to room temperature for up to four days. Adhesion testing was then performed on each of the oxidized Fe-AI specimens.
The oxidized samples were also examined by a ruby luminescence at room temperature. By exploiting the strain dependence of the ruby fluorescence line, strains in the thermally grown oxides were determined for scales that developed on different substrate^?,^ Fluorescence radiation from unstrained aAl2O3, doped with @+, appears as a very sharp doublet, detectable at very low levels of Cr doping, with peaks at 14402 and 14432 cm-l. The peak positions are strongly dependent on the state of strain in the sample but very weakly dependent on Cr concentration. Depending on scale-growth conditions, the doublet shifts and broadens, apparently as a consequence of varying strains in the alumina scale. The shifts provide a sensitive measure of strain accumulation in the scales and clearly indicate when strain relief occurs.
RESULTS AND DISCUSSION

Oxidation Behavi9r
Oxidation weight change of the intermetallic alloys was generally parabolic for -20 h, followed by much slower weight change for the rest of the exposure period. However, the scales in FA 186 and FAS exhibited significant spallation during oxidation at 1000°C and therefore, no weight change data could be obtained. For example, FA 186 showed a small weight gain up to 60 h of exposure, after which the weight of the sample decreased and showed a loss after 100 h of exposure. Assuming a parabolic behavior for the alloys with no spallation, rate constants calculated for FA 129, FAL, and FAX at 1000°C were 6.0 x 4.2 x 10-5, and 4.2 x 10-5 pg2/mm4s, respectively. X-ray diffraction data showed a-Al2O3 as the scale in all of the oxidized samples.
Microstructures of Oxide Scales
The surfaces of the oxidized samples were examined by scanning electron microscopy (SEM). Subsequently, the specimens were cooled to liquid nitrogen temperature and fractured. The freshly fractured surfaces of scale and substrate were then analyzed by SEM. Figures 1 and 2 show SEM photomicrographs of the fractured and oxidized surfaces of specimens. The fracture microphotograph of FA 186 shows a wavy oxide structure and the oxidized surface of the structure also indicates a tine distribution of oxide crystals or nodules. The fracture photomicrograph of the FAS specimen has an appearance similar to that of FA 186 but the surface shoivs a few large particles of oxide surrounded by a fine distribution of oxide precipitates. The morphologies in these specimens indicate that the scale is bonded to the substrate. probably at these large particles. Jnd II il\o-dimensional bonding hctwcen the scale and substrate may no1 bc present. In contrast, the frricturc surfacc of [he F.4 I39 :rlloy shows a dense, =?-pni-thick oside scale. bonded well to the 
Adhesion of Scale to Substrate
To examine the adhesion characteristics of the thermally grown scales to the substrate, a Sebastian multipurpose tester was used to apply a tensile pull to separate the scale from the substrate. The surfaces of pulled pins were examined to assess whether the debonding occurred in the scale itself or at the scale/metal interface. Five measurements were taken for each specimen. The highest and lowest values for the load were discarded, and an average of the other three values and deviations from the mean were calculated. Knowing the pin area of contact, the stresses needed to pull the scale from the substrate were calculated. Figure 3 shows plots of the maximum stress endured by scale for the alloys oxidized at 800. 1000. and 1200°C as a function of alloy exposure temperature. The results show that Alloys FXS. FA 186. and F.A 129 exhibit a peak in maximum stress value for specimens exposed at 1OOO' C. On the other h m d . maximum stress values for FAL and F L U specimens are almost independent of exposure temptxiture. E w n thouzh the t%td exposure time of 100 h w3s used for all the specimens at ail tzmperatures. the m a of disappearance of transient oxides and development of stable alumina scale will be different for different supo.;ure temper3tures and mal; be intluencx! by the composition of thz bulk ,illoy. c.speciall> b> the p-scncc ot'rc:ictivc elements such as Zr and N'P. The trends identified in such an approach can shed light on the important variables responsible for the observed microstructure, alloying-element effect, adhesion, and timedependent variations in the scale and at the scaldmetal interface. The frequency shift (AV in cm-l) is related to the in-plane strain by the expression Figure 4 shows the fluorescence spectra for various alloys oxidized for 100 h at 1ooo"C. The three spectra for each alloy are measurements taken at three different locations on the Same specimen. The extreme variability in the spectra of FA 186 and FAS specimens indicates that the scale has spalled from various areas of the specimen. The spectra for FA 129, FAL, and FAX are fairly consistent. Figure 5 shows the inplane strain, calculated from the peak shifts, for the five alloys oxidized for 100 h at 1ooo"C. The results show low strain values for FA 186 and FAS alloys, indicating significant spallation of the scale. This observation confirms the SEM analysis of the fracture surfaces and thermogravimemc test data for these alloys. The in-plane strain values for FA 129, FAL, and FAX are consistently high and indicate that the scales developed in these alloys can accommodate the deformation, as evidenced by the lack of spalling in the oxidized alloys.
A comparison of the stress needed to pull the scale away from substrate and the s m i n that was accommodated in the scale of various oxidized specimens is attempted in Fig. 6 . It is evident that the maximum stress needed to pull the scale from various alloys is in the range of 30-52 MPa and the Additional tests are underway with specimens exposed at 800 and 1200°C to develop a better understanding of scaling kinetics, adhesion of scale to substrate, and scale failure.
SUMMARY
Several alumina-forming Fe-AI intermetallic alloys have been oxidized in oxygen for 100 h at 1OOO"C t o elucidate our understanding of the scaling kinetics, scale morphology, scale adhesion characteristics, and strain accommodation in the scales. Oxidation studies were conducted by the thermogravimetry technique, followed by detailed analyses of the surfaces of oxide scales. In addition, samples were cooled to liquid nitrogen temperature and then frachmi; subsequently, their scale/metal interfixes were analyzed. Some of the scales were adhesion-tested by applying a tensile load to pull the scale away from the substrate. F i l y , ruby fluorescence was used to measure in-plane strains in the oxide scales and the values were correlated with the scale microsnuctures.
